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Atsuo Kawahara and Igor B. Dawid
Hematopoietic cells arise from ventral mesoderm in and e3globin, an embryonic globin of zebrafish. As biklf is
expressed in a restricted region within the lateral platedifferent vertebrates, but the mechanisms through
which various factors contribute to the mesoderm before the initiation of gata1, scl/tal1, and globin
expression [2], it appears to mark the blood island domainhematopoietic processes, including
erythrogenesis, remain incompletely understood. from a very early stage onward. To test this notion, we
examined biklf expression in mutants that are affected inThe Kru¨ppel-like transcription factor Biklf is
preferentially expressed in blood islands throughout blood cell development. Hematopoietic cells are derived
from ventral and lateral mesoderm that is patterned byzebrafish embryogenesis, marking the region of
future erythropoiesis [1]. In this paper, we show that the antagonism between BMP and BMP antagonists [3].
The chordinott250 mutant that affects the BMP antagonistexpression of biklf is significantly suppressed in
the blood-less mutants vampire and m683 in which Chordin [4], shows a ventralized phenotype, including
expanded blood islands and expanded biklf expressionprimitive hematopoiesis is impaired. Knockdown
of biklf using morpholino-based antisense [1]. Furthermore, the expression of biklf and e3globin was
expanded in the intermediate cell mass (ICM) of chordinooligonucleotides (biklf-MO) led to a potent reduction
in the number of circulating blood cells and mutant embryos at 24 hr postfertilization (hpf) (Figure
1b,f). The ICM is the functional equivalent of the yolkdeficiency in hemoglobin production. Consistently,
we found that the expression of e3globin is strongly sac, where primitive hematopoietic cells are generated in
mammals. Conversely, in the vampirem262 and m683 mu-suppressed in biklf-MO-injected embryos, while
gata1 expression is partly inhibited at the 10-somite tants that display a blood-less phenotype with early arrest
of erythrocyte maturation [5, 6], the expression of biklfstage. In addition, analysis of reporter constructs
driven by the GATA1 and -globin promoters and e3globin was largely suppressed in the ICM (Figure
1c,d,g,h); in these embryos, the anterior ectodermal stain-showed that Biklf can positively regulate both
genes. These results indicate that Biklf is required ing of biklf was unaffected (Figure 1a–d, arrowhead).
Thus, analysis of zebrafish mutants demonstrates that thefor erythroid cell differentiation in zebrafish.
expression of biklf is tightly correlated with the formation
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genes, including hematopoietic genes such as gata1 and
globins [10-12]. Since gata1 and -globin are coexpressed
with biklf, and as CACCC motifs in their promoters are
cis-acting elements required for their expression, we ex-Results and discussion
The zebrafish biklf gene encodes a protein containing amined Biklf effects on these promoters. Deletion and
fusion constructs were prepared in which the Biklf C-ter-three contiguous Kru¨ppel-like zinc fingers at the C termi-
nus. We showed previously that biklf is expressed in a minal zinc finger domain was fused to the VP16 activation
domain from herpes simplex virus I or the Drosophila“baseball seam”-like lateral stripe at the end of gastrula-
tion [1] and that this stripe corresponds to the edge of engrailed repressor domain (Figure 2a). All constructs ex-
pressed the appropriate proteins at comparable levels afterexpression of the erythroid marker gata2. This stripe
evolves into two domains during somitogenesis, an inner transfection into COS-7 cells (data not shown). Regulation
of GATA1 and -globin reporters by the Biklf constructsstripe (ectoderm) and an outer stripe (lateral plate meso-
derm) [1]. At this stage, the expression of biklf in the was determined after cotransfection, using the dual lucif-
erase assay. Biklf activated the GATA1 promoter, with amesoderm corresponds to the expression domain of gata1
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Figure 1
Expression of biklf in mutants affected in blood cell differentiation. expanded in (b,f) din mutants. Both biklf and e3globin expression in
Whole-mount in situ hybridization with (a–d) biklf and (e–h) e3globin. the intermediate cell mass is suppressed in (c,d,g,h) vmp and m683
All figures show lateral views of 24 hpf stage embryos. (a,b) Wild- mutant embryos, while ectodermal staining of (a–d, arrowhead) biklf
type embryos. (b,f) chordino (din) mutant. (c,g) vampire (vmp) mutant. is unchanged.
(d,h) m683 mutant. Expression of biklf as well as e3globin is
weaker response observed for the zebrafish promoter as in the 5 untranslated region just upstream of the initiation
codon, while control-MO represents an unrelated se-compared to the mouse promoter; no activation was ob-
served for a GATA1 reporter in which the CACCC boxes quence. Morpholinos (10 ng per embryo) were injected
into the yolk cell of 1–4-cell stage zebrafish embryos. Thewere mutated (Figure 2b,c). VP16-Biklf was very active,
whereas deletion mutants and ENG-Biklf did not activate overall morphology of the trunk and tail in biklf- and
control-MO-injected embryos was quite normal (Figurethe promoter. Further, ENG-Biklf repressed promoter
activity induced by Biklf or VP16-Biklf. The human 3a,b). We observed very mild neural degeneration in the
ventral brain of the biklf-MO-injected embryos that may-globin promoter was strongly activated by Biklf, which
was much more effective under these conditions than be related to the expression of biklf in an anterior ectoder-
mal domain [1]; these embryos appeared to recover fromEKLF (Figure 2d). Again, ENG-Biklf could effectively
repress the activated function of the -globin promoter. these effects at 2–3 days (Figure 3d,f,h). The major, obvi-
ous phenotype of biklf-MO-injected embryos was thatTherefore, Biklf is capable of positively regulating the
promoters of erythroid-specific genes. the number of circulating blood cells visualized by time-
lapse video microscopy was drastically reduced compared
to uninjected or control-MO-injected embryos; it is impor-Injection of biklf or ENG-biklf mRNA (100 pg) into zebra-
tant to note that primitive hematopoietic cells representfish embryos affected dorsoventral patterning before the
mostly erythroid cells. The heart of biklf-MO-injectedstart of organogenesis (data not shown), making it difficult
embryos at 76 hpf was almost transparent and withoutto assess possible effects of biklf on primitive hematopoie-
color (Figure 3d; 79% of embryos had appearance assis. Since the CACCC box occurs in promoter regions of
shown, n  78), while red blood cells filled the heart ofvarious types of genes, we believe that overexpression
control-MO-injected embryos (Figure 3c; only 1 of 69of biklf artificially activated axis-regulating genes during
control embryos displayed a notable reduction of redgastrulation stages. As an alternative approach to the study
blood cells). To confirm this phenotype, we visualizedof biklf function during organogenesis, we examined the
cells containing hemoglobin by whole-mount staining ofphenotype generated by the injection of morpholino-
48 hpf embryos with o-dianisidine [14]. Among biklf-MO-based antisense oligonucleotides. This approach is often
injected embryos, 83% (n  35) showed a severe defecteffective in zebrafish, as injection of morpholinos comple-
in hemoglobin accumulation, whereas all control-MO-mentary to several genes such as no tail, chordin, and one-
injected embryos (n 26) were well stained (Figure 3e,f).eyed-pinhead causes phenotypes that are similar to the well-
characterized phenotypes of the corresponding mutants
[13]. Biklf morpholinos (biklf-MO) were designed to bind We examined molecular events at early developmental
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Figure 2
Biklf can activate the GATA1 and -globin promoters. (a) The structure the (b) mouse GATA1 gene [19] the (c) zebrafish gata1 gene, and
of Biklf constructs. Biklf contains three tandemly repeated Kru¨ppel- (d) the -globin gene. COS-7 cells were transfected with a
like zinc fingers at the C terminus that are highly homologous to those combination of the indicated expression and reporter constructs.
in the EKLF subfamily. In the long amino-terminal domain, we observed Luciferase activity was normalized for a cotransfected control
two characteristic regions, the acidic domain (amino acids 21–87; plasmid and expressed relative to the activity of the vector alone. The
asp plus glu equals 25%) and the glutamine-rich domain (amino error bars represent the standard deviation of three experiments.
acids 171–269; 18% gln). (b–d) Biklf can activate the promoter of
stages in biklf-MO-injected embryos by using whole- EKLF-deficient mice [9], with the difference that biklf
affects primitive erythropoiesis. Since strong suppressionmount in situ hybridization. The expression of gata2, scl/
tal1 (hematopoietic markers), and no tail (ntl; notochord of e3globin expression was also detected in 48 hpf stage
embryos (Figure 3h), hemoglobin deficiency and reduc-marker) does not change at the 10-somite stage in biklf-
MO-injected embryos (Figure 4g–o). It is noteworthy that tion of embryonic e3globin gene expression are closely
correlated in biklf-MO-injected embryos.the CACCC box has not been observed in the promoter
regions of mouse GATA2 or Scl/Tal1 genes [15, 16]. On
the other hand, biklf-MO injection caused strong suppres- In this report, we have shown that knockdown of biklf by
biklf-MO in zebrafish resulted in a drastic reduction insion of e3globin expression, whereas control-MO-injected
embryos were unaffected (Figures 3g,h and 4a–c). Al- the number of circulating blood cells. The expression of
e3globin and, to a lesser extent, of gata1 is inhibited inthough gata1 expression at the 5-somite stage was not
changed in biklf-MO-injected embryos (data not shown), biklf-MO-injected embryos, suggesting that inhibition of
translation of biklf mRNA causes the arrest of erythroidthe expression of gata1 at the 10-somite stage was partially
inhibited (Figure 4d–f). As injection of biklf-MO did not cell maturation at primitive hematopoietic stages. These
effects are consistent with the expression of biklf in bloodaffect the initial expression of gata1, biklf may play a sup-
portive role in the maintenance of gata1 expression to- islands from the initial stage of primitive hematopoiesis
onward, making this gene perhaps the earliest specificgether with other transcription factors from the KLF and
GATA families. Activation of both the CACCC box and marker for the future blood-forming domain. We believe
that Biklf could cooperate with GATA1 to regulate theGATA motif is required for full induction of the gata1
gene in blood cells from zebrafish to mammalian systems expression of erythroid-specific genes that often possess
both the CACCC box and GATA motif. Interestingly, L.[11, 17]. The effect of biklf depletion on the initiation of
gata1 expression in zebrafish may thus be largely compen- Zon and colleagues have isolated neptune [18], the Xenopus
homolog of biklf, that is predominantly expressed in thesated by other KLF or GATA family factors. On the other
hand, e3globin expression seems to be tightly regulated ventral blood island. They showed that Neptune cooper-
ates with XGATA-1 in globin gene induction in animalby biklf in zebrafish. Similarly, -globin expression was
markedly decreased relative to GATA1 transcripts in cap explants. Furthermore, XGATA-1-induced globin gene
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Figure 3 Figure 4
Biklf-MO-injected embryos fail to develop blood cells. Morpholinos
(10 ng) were injected into the yolk cell at the 1–4 cell stage. (a,b)
Live control-MO and biklf-MO-injected embryos at 24 hpf; the general
morphology is largely normal. (c,d) The number of circulating blood
cells (arrowhead) is drastically reduced in biklf-MO-injected embryos,
photographed live at 76 hpf. (e,f) Unfixed embryos were stained
with o-dianisidine at 48 hpf to detect the presence of hemoglobin. Differential response of hematopoietic marker genes to biklf-MO
Hemoglobin-positive cells on the yolk (brown staining, arrowhead) injection at the 10-somite stage. Whole-mount in situ hybridizations
were absent in biklf-MO-injected embryos. (g,h) Whole-mount in situ with (a–c) e3globin, (d–f) gata1, (g–i) gata2, (j–l) scl/tal1, and (m–o)
hybridization with e3globin at the 48 hpf stage shows reduced ntl are shown in lateral views, anterior to the left. Embryos were
staining in biklf-MO-injected embryos. stained under the same conditions and for the same length of time to
provide comparable sensitivity. The expression of e3globin was
strongly inhibited, and the expression of gata1 was partially inhibited
in biklf-MO-injected embryos, whereas gata2, scl/tal1 (blood island
markers), and ntl (notochord marker) were not affected.
activation in animal caps is suppressed by the coinjection
of a putative dominant-negative form of Neptune. Func-
tional analysis of Xenopus Neptune in primitive erythro-
genesis is fully consistent with our findings of severe Supplementary material
Methods for luciferase assay, morpholino oligo injection, and o-dianisi-defects in blood formation in biklf-MO-injected embryos.
dine staining and the information about all constructs are available atTherefore, we propose that biklf/neptune is a key factor for
http://images.cellpress.com/supmat/supmatin.htm.
primitive hematopoiesis in lower vertebrates. In mam-
mals, EKLF is required for hematopoiesis. While limited
sequence similarity and some differences in expression Acknowledgements
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